We design and fabricate a birefringent semiconductor waveguide for application to nonlinear photonics, demonstrating that it is possible to engineer a small birefringence into such a device using multiple core layers. We also demonstrate a simple technique to accurately determine small waveguide birefringence using a differential measurement, present useful methods for coupling light into and out of the device, and make estimates of coupling and linear device losses.
I. INTRODUCTION
Nonlinear optical processes in photonic waveguides are finding a myriad of new uses, from wavelength conversion 1, 2 for all-optical routing to sources of entanglement for quantum communications. 3 Employing third-order nonlinear processes such as four-wave mixing has some distinct advantages over second-order processes for these applications; because the wavelength shifts are potentially smaller for
͑3͒
processes when compared to ͑2͒ processes, designing waveguides for such operation can be much more straightforward. However, one potential drawback to using ͑3͒ processes such as four-wave mixing is potential interference from noise due to Raman scattering. 4 Lin et al. 5 propose using birefringent phase matching to effectively separate Raman noise from four wave mixing-generated signals via polarization; the Raman scattered light is polarized orthogonally to the correlated photons of interest. However, for small detunings, this requires that the device exhibit a correspondingly small birefringence.
Birefringent phase matching is by no means a new technique. It has been used extensively for phase matching nonlinear processes in optical fibers. 6 However, fibers exhibit significant nonuniformity in birefringence introduced during fabrication, 7 limiting their nonlinear performance when using this technique. Because the semiconductor material described here is grown epitaxially, the birefringence induced by the layer structure in these devices is much more uniform, indicating that they should exhibit better nonlinear performance than comparable optical fibers.
In this article, we demonstrate the design, fabrication, and measurement of a waveguide with a small birefringence for application to nonlinear photonics. The device is an AlGaAs rib waveguide with a buried, multilayer core that creates a form birefringence 8 on the same order of magnitude as observed strain effects in similar materials. 9 The measurement apparatus, based on the idea of a birefringent, or Lyot, filter 10 can measure birefringence to an index difference on the order of 10 −5 . The resulting device has potential application as a source of entangled photon pairs for quantum communication, but it can serve as a starting point for any nonlinear photonic device that uses birefringent phase matching.
II. DEVICE DESIGN AND FABRICATION

A. Design and model results
The intended application of the device was as a nonlinear source of correlated photons for quantum communications. The birefringent phase matching condition of the exploited nonlinearity dictated that we design a rib waveguide, pumped at 780 nm, with a core made of Al 0.3 Ga 0.7 As and a target birefringence of ␦n = n x − n y between 10 −4 and 10 −3 . We achieved the desired index difference via form birefringence induced in a core comprised of multiple layers with slightly different aluminum content. The resulting difference in the material's refractive index, along with the relative thickness of each layer, determined the birefringence of the overall core region. Assuming the form birefringence is small, we can use the formalism of Ref. 8 to predict the contribution of the form birefringence in the core ␦n form to the overall birefringence of the device
where f 1 =50/ ͑50+ 70͒ and f 2 =70/ ͑50+ 70͒ are the fractional thicknesses of one full period of the alternating core layers, as defined in Fig. 1 , and n 1 ͑͒ and n 2 ͑͒ are their respective indices of refraction. The final design is shown in Fig. 1 . Inset is the solution to the lowest-order TE mode as computed by a full-vector finite-difference modesolver. 11 The predictions for the birefringence are shown in Fig. 2 The contribution of the waveguide birefringence, due to the anisotropy of the mode shape, was inferred as the difference between the total birefringence from the mode solver and the form birefringence of the core calculated from Eq. ͑1͒. Note that the dimensions and indices used in the simulation were corrected for the measured results of the actual device fabrication.
B. Device fabrication and characterization
The material for the device was epitaxially grown on a GaAs substrate 12, 13 and verified using x-ray diffraction. The aluminum percentages of the AlGaAs layers were grown to within 3% of the target, and the relative aluminum content between layers was grown to better than 1% of the target. The defect rate of the final growth was less than 100 cm −2 .
The final rib structure was fabricated using an inductive coupled plasma etch; 14 the rib width was measured via scanning electron microscopy to be 2.62 m.
C. Light coupling
One of the most challenging aspects of working with single-mode photonic waveguides is the task of coupling light into and out of the device. Even in devices such as ring resonators, coupling is often the single most limiting factor in performance. 15 The birefringence measurement outlined in this article used simple microscope objectives that were matched in numerical aperture to the waveguide, while the coupling was monitored using an overhead video microscope. Though this method is rather minimal, it was effective enough for the purposes of that measurement. However, for measurements requiring more precise positioning, including nonlinear measurements with high-power beams that risk damaging the device or quantum optical measurements involving very low light levels, it is important to use a more sophisticated coupling technique. Figure 3 depicts a more advanced free-space coupling setup that incorporates a confocal video microscope on both the input and output beam paths. 16 On the input side, this arrangement enables positioning of the high-power pump beam to within 30 nm in order to avoid damage to the substrate or other absorbing features on the chip. On the output side, an equivalent system is aligned to a detector using a HeNe laser. The presence of this second microscope in the output coupling path allows for the detection of signals on the single-photon level that are too small to observe visually but are still within the sensitivity of single-photon detectors; by visually aligning the confocal microscope to the output facet of the device, one can ensure that the small signals are aligned to the detector as well. Because these confocal arrangements give a real-time image of both the input facet and output facet, it is also possible to qualitatively monitor the coupling alignment in real time. Furthermore, the free-space nature of the optical path allows for the easy modification of optics within the setup, allowing one to perform a variety of measurements with a single sys- tem. While this setup was not required for the birefringence measurements described here, it was vital for the loss measurements and subsequent nonlinear measurements performed later.
III. BIREFRINGENCE MEASUREMENT
To predict where the nonlinear process of interest was phase matched, we first measured the actual birefringence of the device. A number of methods exist to determine the birefringence of a waveguide, but few meet the accuracy required for the small birefringence of the device considered. The simplest method involves an imaging technique that examines scattered light out-of-plane similar to that described in Ref. 17 . 45°polarized light at the input will split into two components along the polarization axes; since the medium is birefringent, the resulting polarization will rotate along the length of the device. Because light scatters differently from impurities depending on its polarization, the rotation should result in variations in out-of-plane scattered light along the length of the device. Given the device parameters, we would expect to see approximately 1.5 full periods of scattered intensity variation in 9 mm. However, after careful observation, it is apparent that loss, speckle, the nonlinear response of the charge coupled device, and low intensity make this technique impractical. The expected rotation period is on the order of 5 mm; the device loss, estimated to be 5 dB/cm, resulted in a significantly reduced fringe visibility along the length of the device, making accurate birefringence measurements involving the observation of more than one fringe increasingly difficult. Furthermore, since the technique relies on the uniform presence of impurities in the semiconductor, fabricating better devices also makes the measurement more difficult.
Another approach involves a more direct measurement of the ordinary and extraordinary indices of refraction. Since the waveguide facets are uncoated, they offer 30% reflection of the input field at each interface. One possible measurement technique involves comparing the Fabry-Pérot fringe spacing for light polarized along the two polarization axes, directly giving us the difference in index of refraction. 18 However, for a 9 mm long device with the predicted birefringence, the expected fringe spacing is on the order of 0.1 pm at = 780 nm. This corresponds to a difference in free spectral range ͑FSR͒ of 50 MHz. While this can, in principle, be measured using a heterodyne technique, the full width at half maximum of such a resonance with 30% facet reflections is approximately 4 GHz. This is much broader than the difference in FSR, making a measurement of this type impractical.
Thus we chose to employ a third technique, also based on a birefringent filter, but exploiting variations in wavelength rather than propagation distance. A number of similar techniques have been demonstrated. [19] [20] [21] [22] However, none of these techniques involve a broadband light source, and many are limited in accuracy to a birefringence greater than that predicted for this device.
In our apparatus, the birefringent medium under test is placed between two crossed polarizers oriented at Ϯ45°to the polarization axes. The form birefringence of the medium rotates different wavelengths by different amounts. When broadband light is launched through the polarizer, spectral fringes result at the output of the analyzer with spacing dependent on the material birefringence. 10 Because the birefringence of the device is so small, the fringe spacing for this simple setup is on the order of 100 nm, larger than the spectral width of most bright, broadband sources. However, by employing a second crystal with a larger birefringence, we are able to make a differential measurement when the device under test is introduced into the system. This technique allows for more accurate determination of small birefringence.
A. Apparatus and procedure
The setup, shown in Fig. 4 , consists of broadband light from a superluminescent light-emitting diode, centered at 835 nm with a width of approximately 10 nm. It is filtered through a computer-controlled, 1/8 m monochromator with 0.125 mm slits, mechanically chopped at 200 Hz, and launched through a +45°thin-film polarizer into the waveguide using a 50ϫ microscope objective. The waveguide output is coupled through a 4.8 mm long potassium dihydrogen phosphate ͑KDP͒ crystal via another objective lens and collimated. The polarization axes of the KDP are oriented to match those of the waveguide. The output is then passed through a thin-film analyzer oriented at Ϫ45°and detected using a low-noise PIN photodiode. The diode output is detected via a lock-in amplifier synchronized to the optical chopper and recorded on a PC. The measurement procedure consists of making a spectral scan first with the waveguide in place, then rotating the analyzer by 90°, resulting in fringes that are inverted. This step enables accurate determination of the fringe spacing. Finally, the waveguide is removed, the two objectives are coupled together, and a second pair of scans, again rotating the analyzer, is made with only the KDP in place. The results are shown in Fig. 5 .
B. Results and error analysis
We can predict the relationship between the fringe spacing and the birefringence by simply considering the product of the Jones matrices of the various components along the optical path. The Jones matrix for a typical birefringent element is given by
where ␦n is the birefringence of the element and L is the propagation length. For the apparatus described above, we can compute the product of the Jones matrices of the various elements to obtain 
͑4͒
We see from Eq. ͑4͒ that incorporating P ជ +45°Ј reduces the fringe visibility but does not change their spacing. Furthermore, any wavelength dependence will result in an envelope to the fringes but still will not affect the fringe spacing.
Additionally, small errors in alignment, equivalent to small changes in R and S from the trivial 0°case, will have a minimal impact on fringe spacing. While a detailed analytical expression for the size of these errors is a rather complicated function of the misalignment angles, we can approximate the order of the effect by considering only a misalignment between the polarization axes of the two birefringent media. The eigenvalues of the product S −1 J KDP S ϫ J WG for a small misalignment contain terms periodic in k / 2͑␦n 0 L 0 + ␦nL͒ as well as additional terms proportional to 2 . The nulls in the observed fringes correspond to points where these eigenvalues are equal, so the fringe spacing will have the same period as the eigenvalues. Since the change in the eigenvalue period varies as 2 , we can assume that errors in the fringe spacing are on the same order in the misalignment angle. To illustrate the nature of the effect, Fig. 7 shows a calculated fringe incorporating misalignment in both the KDP and waveguide of up to 10°. As the plot illustrates, errors smaller than 10°have negligible effect on the fringe spacing compared to the shift introduced by the waveguide's birefringence, indicating that the measurement is rather robust in the presence of small misalignments in the polarization axes.
Note that the fringe spacing derived in Eq. ͑3͒, excluding effects of PDL and misalignment, is linear in wavenumber and proportional to the total birefringence between the polarizer and analyzer. To determine the fringe spacing, we plot the wavenumbers of the crossing points between the normal and inverted fringes versus the fringe number, as shown in Fig. 6 . The slope of the resulting lines, ⌬K and ⌬K 0 , correspond to the fringe spacings with and without the waveguide in place. From these, we can first compute the measured birefringence of the KDP alone using the following expression:
⌬K 0 was determined to be 154.3Ϯ 1.2 cm −1 , indicating a birefringence of ␦n 0 = 0.042Ϯ 0.001. This measurement matches published results for KDP to better than 5%. 23 Next, we can determine the birefringence of the waveguide alone using the expression 
The absolute value accounts for the possibility that the slow and fast axes are inverted between the waveguide and the KDP crystal, possibly resulting in a subtractive, rather than additive, birefringence. This is equivalent to the matrices R and S representing a 90°rotation rather than the trivial 0°c ase, resulting in a reversal of the terms in Eq. ͑6͒. The slope ⌬K was determined to be 151.4Ϯ 0.7 cm −1 , approximately six standard deviations smaller than ⌬K 0 .
The resulting birefringence of the waveguide is ␦n = 0.00 044Ϯ 0.00 005, which closely matches the value of 0.00 046 predicted by the modeling at 835 nm. Furthermore, even though this value is on the same order as birefringence due to strain introduced during material growth, 9 the model does not include strain effects. We can infer that strain is likely not a significant factor, as strained layers in the material constitute a small volume fraction and should have minimal impact. Thus the birefringence is primarily determined by the multilayer core structure.
IV. LOSS MEASUREMENTS
Power measurements were made using the free-space coupling setup shown in Fig. 3 . Because the free-space coupling scheme allowed access to the optical path, power measurements were made both before the input coupling objective and after the output coupling objective with a large-area power meter calibrated for linearity. Neglecting any small loss within the objectives themselves, the ratio between the two powers provided a good measure of the insertion loss. With this setup, we achieved 13Ϯ 1 dB insertion loss. We further measured the linear loss of the device by estimating the decay in scattered light from plan-view microscope images. Fitting an exponential to the image resulted in an estimated 5 dB of linear loss in the 9 mm device, indicating a coupling loss of 8 dB.
V. CONCLUSIONS
In this article, we have demonstrated the ability to design and fabricate a waveguide to a specific, small birefringence. We have also demonstrated a novel modification to a traditional method of measuring birefringence. This modification enables the accurate determination of small birefringence in photonic devices. If birefringent phase matching becomes the preferred method of exploiting third-order optical nonlinearities without interference from Raman noise, then this technique will become useful in predicting the phasematched wavelengths. These measurements constitute a starting point for the design of a birefringent, nonlinear waveguide for correlated photon generation or wavelength conversion.
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